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Human osteoarthritis (OA) is a heterogeneous
and multifactorial disease characterised by the
progressive deterioration of the cartilage of
diarthrodial joints. Multiple aetiological and
pathogenetic mechanisms have been impli-
cated in its development and progression.! In
many instances OA is an acquired process
secondary to various metabolic, mechani-
cal, or inflammatory-immunological events.
However, it has long been recognised that
several distinct forms are inherited as dominant
traits with a Mendelian pattern.? > The most
common form of inherited OA is characterised
by the presence of Heberden’s and Bouchard’s
nodes and the concentric or uniform de-
generation of the articular cartilage of several
joints, particularly the hips and knees.* Many
studies have examined the genetic factors that
may be associated with either development or
severity of this form of OA. Analysis of the
frequencies of HLLA antigens in various popu-
lations of patients affected have yielded
conflicting results,’® although in one study an
increased frequency of the HILA-A1BS8
phenotype was observed.” This study also
examined the frequency of al-antitrypsin
phenotypes in these individuals and found a
significant increase in the MZ phenotype,’
although these results are unlikely to be related
to the primary genetic defect in this form of
OA. A second type of inherited OA is familial
chondrocalcinosis—a disease in which calcium
pyrophosphate dihydrate (CPPD) crystals are
deposited in fibrous and hyaline cartilage.'
The observations that the degenerative arthritis
occasionally precedes or is not associated with
demonstrable deposition of CPPD crystals'!
and that there is a physical association of
CPPD crystals with components of cartilage
matrix'? > have led to the suggestion that
cartilage matrix abnormalities may be a
primary common event leading to cartilage
degeneration, CPPD crystal deposition, or
both. A third familial form of OA is known as
Stickler syndrome or hereditary arthro-
ophthalmopathy.’*  This syndrome is
characterised by ophthalmological manifesta-
tions such as progressive vitreoretinal degen-
eration and severe myopia, peculiar facial
features, and premature degenerative joint
disease. Other heritable disorders accom-
panied by premature OA include hydroxy-
apatite deposition disease!® and certain forms
of multiple epiphysial dysplasias.'®

The pattern of inheritance of these diseases
is consistent with the hypothesis that mutations
in one or more of the genes encoding the
macromolecular components of articular

cartilage may be responsible for the premature
and generalised degeneration of the tissue
matrix. The abnormal genes could include the
genes for cartilage matrix macromolecules, for
enzymes involved in the biosynthesis of matrix,
for hormone and growth factor receptors in
chondrocytes, or for enzymes involved in the
metabolic degradation of the tissue. Recent
evidence, however, suggests that the genes
encoding the collagenous components of
cartilage matrix are the most likely candidates.
The collagens represent the most abundant
protein of articular cartilage matrix, com-
prising about 50% of the dry weight of the
tissue. These molecules play a crucial role
in the maintenance of the biomechanical
properties of cartilage, being responsible for
the tensile strength and shear stiffness of the
tissue. The remarkable complexity of the
organisation of the collagenous components in
articular cartilage has recently become
apparent!” '® and at least five different collagen
types representing the products encoded by at
least 10 distinct genes have been recognised in
the tissue. Although the cartilage-specific type
II collagen is the most abundant collagen
species in the tissue, it is very likely that the
other collagen types (types VI, IX, X, and XI)
also play important structural and functional
roles. The normal supramolecular assembly of
the various cartilage collagens serves as a
mechanical constraint to limit the expansion of
proteoglycans and their tightly bound water
molecules into the large hydrodynamic
domains characteristic of proteoglycans in free
solution. A failure of this collagenous assembly
would result in swelling of the proteoglycans,
increased tissue water, softening of the matrix
and eventual degeneration of the cartilage.
There is, therefore, compelling evidence to
suggest that cartilage collagen genes may be
those at fault in heritable OA. Several studies
have identified mutations in the genes
encoding type I and type III procollagens in
patients with other heritable disorders that
cause mechanical failure of the connective
tissues, such as osteogenesis imperfecta.'®
These investigations have provided a number
of successful strategies for the identification of
structural mutations in procollagen genes.
However, as discussed in more detail below,
many of these strategies have limitations when
applied to the study of mutations in the
cartilage collagen genes, such as the limited
availability of cartilage, the difficulty in
expanding chondrocyte populations in vitro,
the loss of chondrocyte-specific phenotype
during culture, and the difficulty in performing
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extensive protein characterisation from small
tissue samples. The following sections will
review some of the strategies that have been
successfully utilised or that may be potentially
useful to identify collagen gene mutations in
inherited diseases affecting articular cartilage.

Restriction fragment length
polymorphism (RFLP) analysis

The development of recombinant probes that
detect polymorphic sites in human DNA by
RFLP analysis has made available a vast
resource of genetic markers to follow the
inheritance of specific DNA sequences in
families.”*?? These polymorphic sequences
occur frequently in the flanking regions of most
genes, as well as randomly throughout genomic
DNA; their detection has made it possible to
identify abnormal alleles of many genes and to
trace their pattern of co-segregation with a
given disease phenotype in families. The
premise for RFLP study of inherited forms of
OA is that, despite the heterogeneity and
variability of their phenotype, they are caused
by a primary genetic defect that resides at
a specific chromosomal locus. The disease
phenotype and the defective gene must,
therefore, map to the same chromosomal
location as reflected by their co-segregation in
families. Using appropriate restriction enzymes
it becomes feasible to map the inherited trait
to a region in the chromosome bracketed by
two specific markers.

The potential benefits of utilising RFLP
genetic linkage analysis in heritable forms of
human OA is that it will permit the
identification of the genes at fault in these
disorders. Even the finding of linked genetic
markers at some distance from the responsible
gene would allow definition of the approximate
chromosomal location of the abnormal gene
and its cloning and sequencing. In addition,
informative RFLPs can be tested in families
suffering from diseases with similar phenotypes
to determine if the same genetic defect is
present in all cases or if there is genetic
heterogeneity among the various phenotypes.
RFLP analysis can also give valuable negative
information, as the absence of co-segregation
(i.e. recombination) with the disease pheno-
type can exclude the candidate gene as the site
of the defect in a given family.

Recently, several polymorphisms in the
genes for some of the collagens expressed in
articular cartilage and in surrounding DNA
sequences have been identified. For example,
polymorphisms in the genes for type II
procollagen (COL2A1), the a2-chain of type
IX collagen (COL9A2), and type X collagen
(COL10A1) have been described.?®?" The
identification of these polymorphisms has per-
mitted the application of RFLP analysis to test
the possibility that structural mutations in
various collagen genes expressed in cartilage
may be responsible for the biomechanical
failure of articular cartilage in familial OA. For
example, Francomano et al/*® and Knowiton
et al®® demonstrated co-inheritance of certain
polymorphic sites in COL2A1 with the

Jimenez, Dharmavaram

expression of hereditary arthro-ophthal-
mopathy or Stickler syndrome. In the study by
Knowlton et al,* three large Stickler syndrome
families were analysed for co-inheritance of the
clinical manifestations with the Hind-III and
the variable number tandem repeat (VNTR)
polymorphisms in COL2A1. Genetic linkage
between the disease phenotype and COL2A1
was demonstrated in the largest family. The
results from the second family also supported
linkage to COL2A1, leading to the conclusion
that mutations in the COL2A1 gene are
responsible for the disease in these two
families. In conrast, in the third family, re-
combination between clinical expression and
COL2A1 was demonstrated suggesting, there-
fore, that the syndrome may be heterogeneous
and that in certain families a gene other than
COL2A1 may be the defective gene.

Subsequently, Knowlton et al*® dem-
onstrated co-inheritance of a phenotype of
premature OA and a mild chondrodystrophy
with polymorphisms in the type II procollagen
gene. Similar results were obtained in another
family with primary generalised OA.*
However, a large study of 61 patients with
primary generalised OA failed to show a
significant difference in the frequencies of one
or more COL2AL1 alleles between affected and
control individuals.’> These results thus
excluded the possibility that there is a common
mutation at COL2A1 that is responsible for the
disease phenotype. In a more recent study,
Weaver et al>® analysed the inheritance pattern
of Hind-1II and Hinf-I RFLPs of COL2Al in
a large five generation family with multiple
epiphysial dysplasia (MED). The data
indicated that the segregation patterns of
COL2A1 and MED phenotype were dis-
cordant, with recombination observed in a
minimum of two meioses in the portion of the
family tested. From these results, it was
determined that the MED locus in this family
does not map within 2 centimorgans (cM) of
COL2ALl, therefore excluding this gene as the
site of the mutation responsible for the disease
phenotype. RFLPs in the type VI collagen gene
were also tested for linkage with MED in this
family. Recombination between COL6A2 and
COLG6A3 genes and MED was observed, also
ruling them out as candidate genes. Moreover,
the data excluded MED from a range of 5 cM
on either side of the RFLP marker for
COLG6A1, effectively excluding COL6A1 as
the candidate gene.

Despite the enormous potential of RFLP
analysis for the identification of the defective
genes in inherited diseases, the method has
certain limitations. For example, RFLP
analysis depends on the ability to identify large
families in whom the disorder is clearly
inherited, and from whom blood or tissue
samples can be obtained from affected and
non-affected members of three or more
generations. Also, RFLP analysis does not
allow the identification of the exact mutation
responsible for the disease phenotype.

Recently, several polymerase chain reaction
(PCR) based techniques have been used to
type DNA polymorphisms. One method relies
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on the fact that in the human genome there are
50 000-100 000 interspersed (CA), blocks
with n being 15-30. The function of such
dinucleotide repeats or microsatellites is
unknown, but it is known that the number of
repeats within DNA varies among the individ-
uals within a species.>® It was subsequently
shown that blocks of human (CA), repeats
exhibit length polymorphisms and that these
length polymorphisms could be utilised to
follow allele co-segregation occurring during
meiosis.>> Subsequently, other short tandem
repeats such as tri- and tetranucleotide repeats,
although less abundant than (CA), markers,
have provided an additional source of highly
informative markers.>®* The procedure for
typing the (CA), block markers and other
simple sequence repeats is now widely utilised,
mainly because of its speed—essentially it
involves only two steps: amplification of a
DNA fragment by PCR in the presence of
radioactive nucleotide and elecrophoresis on a
denaturing polyacrylamide gel.

In the MED family studied by Weaver et al,*
described above, in whom COL2A1 and
COL6A1 were excluded as candidate genes,
such dinucleotide repeat and simple sequence
repeat polymorphisms have been utilised for
mapping of the disease locus to the
pericentromeric region of chromosome 19.%" In
another study, of nine multigenerational
families with pseudoachondroplasia, a number
of cartilage specific and non-cartilagenous
extracellular matrix candidate genes including
aggrecan, proteoglycan link protein, small
cartilage matrix protein and various collagen
genes have been excluded by RFLP analysis.
However, pseudoachondroplasia in these
families has been mapped to chromosome 19
utilising chromosome 19 microsatellite
markers on that chromosome.*

Another PCR based method that is being
utilised as a screening method for detection of
DNA sequence changes is the single strand
conformation polymorphism (SSCP) analysis.
The method involves amplification by PCR
of a discrete segment of genomic DNA in
the presence of radiolabelled nucleotides,
temperature  denaturation of the PCR
products, and analysis of single strands on a
non-denaturing polyacrylamide gel. Poly-
morphic differences in strand mobility result
from the effects of primary sequence changes
on the folded structure of a single DNA strand.
The primary sequence differences alter the
intramolecular interactions that generate a
three dimensional folded structure. The
molecules may thus move at different rates
through a non-denaturing polyacrylamide gel.
Since the conformational variations are subtle,
the success of any particular SSCP analysis
experiment depends on several factors
including the sequence of the DNA fragment
being evaluated and optimisation of the
experimental conditions to maximise differ-
ential migration among fragments. Under
optimal conditions the efficiency of SSCP to
detect DNA sequence differences such as poly-
morphisms or mutations has been reported to
be close to 100%.%*
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We have previously reported the ampli-
fication of the entire coding region of the
type X collagen gene, using PCR and SSCP
analysis based on the previously reported
sequence.”® We identified a Gly to Arg
substitution of the carboxyl (C-) terminal of
the protein that results in a loss of a restriction
enzyme site. Restriction analysis of a large
MED family ruled out this sequence change as
a cause of disease. Using a similar approach,
Sweetman et al*’ have investigated if mutations
in COLIOA1l are responsible for diverse
heritable cartilage diseases including achon-
droplasia, hypochondroplasia, pseudoachon-
droplasia and thanatotrophic dysplasia. They
identified seven sequence changes in the
coding and flanking regions of COL10Al in
affected individuals. However, six of these
changes did not co-segregate with the
expression of these diseases and were, there-
fore, polymorphisms rather than true muta-
tions. The sequence changes were also used to
demonstrate discordant segregation between
the COL10A1 gene and achondroplasia and
pseudoachondroplasia. A seventh sequence
change that results in a Val to Met substitution
at the C-terminal was only found in two indi-
viduals with hypochondroplasia from the same
family. Segregation analysis of the family was
inconclusive because of uncertainty in the
diagnosis of one of the family members.

Recently, SSCP analysis followed by
genomic DNA sequencing has been used for
identification of two mutations in COL10A1 in
families with autosomal dominant Schmid
metaphysial chondrodysplasia. One of them is
a 13 bp deletion of 1857-1869 bp and the
other is a T—C change at position 1771 bp
that results in a Cys—Arg substitution at
amino acid 591 of the protein.*® *!

Another PCR based method that has been
successfully utilised for the identification of
mutations in the cartilage collagen genes is
known as ‘heteroduplex analysis’. This
procedure allows detection of mismatches
between double stranded DNA containing one
wild type strand and a complementary strand
from a mutant gene. For this analysis,
amplified PCR products of a test sample and
wild type control are mixed, heated to denature
the double stranded DNA and allowed to
reanneal at a lower temperature. If the primary
sequences of the sample and control differ,
50% of the reannealed double stranded DNA
will be heteroduplex DNA. When separated on
a non-denaturing polyacrylamide gel, the
reannealed products of the PCR reactions
migrate in a distinct pattern: homoduplex
strands of mutant and control DNA migrate as
a function of their length; heteroduplexes
formed of one mutant strand and one wild type
strand migrate at a different rate through the
gel because the region of mismatch forms a
‘kink’ in the DNA. Thus a heteroduplex
frequently appears on the gel as a distinct band,
separate from the homoduplex DNA. Several
factors affect the resolution of single base
mismatches in heteroduplex DNA, including
DNA size (200-600 bp being optimal),
position of mismatch within the DNA
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fragment (central position being most easily
detected), and type and context of mismatch.
The advantage of heteroduplex analysis is that
it is technically simple, does not require
complex chemical or temperature gradients,
and bands can generally be detected by
ethidium bromide staining. Ultilising this
method we have recently reported a mutation
that results in a 10 bp deletion from
1867-1876 bp in a five generation family with
Schmid metaphysial chondrodysplasia.*?

Identification of type II collagen gene
mutations in affected individuals by
genomic sequencing

Determination of the sequence of the type II
collagen gene has proved successful in certain
forms of heritable OA. For example,
sequencing exons 2-52 of the gene identified
a single base mutation that results in the
substitution of Cys for Arg at position 519 of
the «al(II) procollagen chain in affected
members of a family with primary generalised
OA associated with mild chondrodysplasia.*> A
mutation that introduced a stop codon in
COL2A1 corresponding to position 732 of the
ol(II) procollagen was found in affected
members of a family with Stickler syndrome,*
and two different mutations in exon 48 of
COL2A1 have been found in two cases of
spondyloepiphysial ~dysplasia.®’ ¢ Further-
more, a COL2A1 mutation that results in a Gly
to Ser substitution at residue 943 in the
C-terminal domain of the triple helix has been
identified in a case of achondrogenesis/hypo-
chondrogenesis, a lethal perinatal form of
short-limbed dwarfism.*” The number of newly
identified mutations in COL2AI1 responsible
for a variety of heritable diseases affecting
cartilaginous structures has increased rapidly
as the methods for gene sequencing have
improved in accuracy and speed. The
spectrum of mutations in COL2A1 that had
been identified by late 1993 are listed in the
table.

Mutations in the type II procollagen gene identified in heritable diseases of cartilage (as
reported by late 1993)

Disease Muzation Reference
SED Deletion AA 964 to 999 (exon 48) 45
Achondrogenesis II/ Gly** » Ser (exon 46) 46
hypochondrogenesis
SED Duplication AA 970 to 984 (exon 48) 47
OA with mild Arg®"® » Cys (exon 31) 43
chondrodysplasia
SED 1Gly*”” » Ser (exon 48) 49
Stickler syndrome Arg™ > Stop (exon 40) 44
Hypochondrogenesis Gly*™* » Ser (exon 33) 50
Stickler syndrome Arg’ -+ Stop (exon 7) 51
SED ']'Arg”" > Cys (exon 41) 52
SED Arg” -» Cys (exon 11) 53
SED Gly**” - Ser (exon 19) Ritvaniemi et al (pers. comm.)
SEMD Gly'™* » Arg (exon 15) 54
Stickler syndrome Frame shift (exon 40) 55
SED G +51VS20 56
SED Gly*” » Ser (exon 30) Katzenstein et al (pers. comm.)
Hypochondrogenesis Gly*® - Glu (exon 43) 57
Kniest/Stickler syndrome  Deletion IVS12 58
ED/POA Gly®™ - Ser (exon 48) Williams ez al (pers. comm.)
Hypochondrogenesis Gly*® - Arg (exon 48) Ganguly ez al (pers. comm.)
Achondrogenesis II/ Gly*' » Arg (exon 38) Williams ez al (pers. comm.)

hypochondrogenesis

All these mutations were identified by genomic DNA sequencing except for t igientiﬁed by sequencing
of ‘illegitimate’ transcripts of the gene. SED = spondyloepiphysial dysplasia; SEMD = spondylo-
epimetaphysial dysplasia; ED/POA = Epiphysial dysplasia and precocious OA.
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Identification of type II procollagen gene
mutations by analysis of the
corresponding complementary DNA
(cDNA)

Each of the mutations described above was
identified by sequencing genomic DNA from
affected individuals. However, sequencing the
large genes encoding for the cartilage specific
collagens is time consuming, or is not possible
because of the incomplete knowledge of their
structure, therefore identification of mutations
by sequencing the corresponding cDNAs has
many practical advantages. This approach has
been very successful and has resulted in the
identification of mutations in the genes
encoding for the structural connective tissue
components in a large number of families with
various forms of osteogenesis imperfecta or the
Ehlers-Danlos syndrome, and in some families
with vascular aneurysms.'* The approach
adopted in most of these instances has been the
determination of the nucleotide sequences of
cDNAs prepared by reverse transcription of
total cellular RNA from cultured cells
(fibroblasts or amniotic cells) from affected
individuals. Many of these studies were greatly
facilitated by the previous identification and
characterisation of protein abnormalities which
pointed to the likely nature of the mutations
and to the approximate regions within the gene
containing the mutations. These protein
abnormalities included the demonstration of
overmodification of post-translational reactions,
‘protein suicide’ as a result of decreased
procollagen thermal stability, the finding of
disulphide bonded «-chain dimers resulting
from the presence of cysteine residues in the
triple helical domains, or the demonstration of
shortened collagen a-chains.

Although this method allowed the
identification of a number of mutations
affecting types I and III collagen genes, its
success depends on the availability of large
numbers of cells expressing the transcripts of
interest, in order to obtain sufficient amounts
of RNA for the abnormal protein, and on the
information obtained from structural studies
of the mutated protein. The availability of
cells that express the transcripts from the
mutated genes is not a problem for
investigation of mutations affecting types I
and III collagen genes, because cultured
dermal fibroblasts or amniotic cells can be
successfully utilised. However, in the case of
mutations in articular cartilage collagen genes,
this approach has been obstructed by the
difficulty in obtaining sufficient tissue to
isolate  RNA and the loss of cartilage
phenotype when chondrocytes are cultured on
plastic substrata in vitro.>’

Amplification and sequencing of human
type II collagen cDNA from freshly
isolated and from cultured human fetal
and adult chondrocytes

The discovery of a specific DNA polymerase
that is capable of reiterative synthesis of DNA
copies fromf a given template at high
temperatures has resulted in the development
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Thus to sequence the entire coding region for
the mutant allele is feasible; single base
mutations or small insertions/deletions in
coding or regulatory sequences can be
identified; mutations in sequences important
for splicing can also be detected utilising
oligonucleotide primers specific for intronic
sequences at the intron-exon boundaries. Thus
the PCR amplified products will correspond
to the coding sequences and to adjacent
consensus sequences required for splicing.

We have successfully used this approach and
have amplified the entire type II collagen
cDNA, a length of 44 kb, in only six
fragments as shown in figure 1, in which the
length and position of the PCR fragments
shown in A are illustrated in B. Sequencing of
these PCR fragments indicated that their
sequence was identical to that of correspond-
ing regions of the human type II collagen
B cDNA reported previously.®! The RNA used
in this experiment was obtained from freshly
isolated 24 week old fetal chondrocytes. In
order to determine the minimum amount of

+— N - ¢—————————  Triple helix Cc
E E RNA required to amplify the entire type II
[ 1 : T 'r collagen cDNA, we performed PCR amplifi-
ATG X 500 bp X TAA cation of RNA in concentrations ranging from
T 1 pg to 0.1 ng. We found that 1 ng of RNA
| was the smallest amount required to obtain
Fs o 3 4 5 6 amplification of each PCR fragment. In this

experiment, 1 pg of RNA was obtained from
3 X 10° freshly isolated human fetal chondro-
cytes; therefore RNA equivalent to that

Figure 1 Amplification of the entire type II collagen cDNA from human fetal
chondrocytes. cDNA was amplified as described in the text and 10% of the PCR product
was loaded on a 1% (w/v) agarose gel and stained with ethidium bromide. Lambda DNA

digested with Hind-III was used as a marker. A: Amplification of cDNA was carried out
using the following primers: LANE 1 II-1/II-2; 1LANE 2 II-3/II-4; LANE 3 II-5/II-6; LANE 4
II-7/I1-8; LANE 5 II-9/II-10; LANE 6 II-11/1I-12. B: Map of type II collagen cDNA
indicating the length and position of the fragments shown in A. bp = Base pairs.

of one of the most powerful techniques of
molecular biology.®® The PCR reaction has
been successfully applied to cloning and
sequencing of cDNAs and genes that were not
amenable to the techniques previously,
because of either the development of secondary
structures or the lack of available enzyme
restriction sites for proper cloning. The
possibilities of identifying cartilage collagen
gene mutations using small amounts of
cartilage or few cultured chondrocytes have
been improved dramatically by the PCR. The
amplification of specific DNA sequences can
overcome the limitations introduced by the
lack of sufficient amounts of articular cartilage
necessary to obtain RNA for generation of
cDNA libraries. In this approach, minute
amounts of RNA can be reverse transcribed to
obtain cDNAs, and these cDNAs can then be
PCR amplified using sequence specific
oligonucleotides based on the known sequence
of full length cDNAs. Since the entire
sequence of the type II collagen cDNA has
been published, it has become feasible to
amplify the entire coding sequence from the
cDNAs. The PCR products can be sequenced
directly or can be cloned into bacterial vectors
for standard sequencing procedures. Given the
advances in direct DNA sequencing, large
stretches of DNA sequence can now be
obtained from a single sequencing reaction.

obtained from only 300 chondrocytes was
sufficient to obtain amplification of one
fragment, or 1800 chondrocytes for amplifi-
cation of the six fragments encompassing the
entire type II collagen cDNA. Amplification of
human type II collagen cDNA was also
obtained from chondrocytes from a small
postmortem specimen of articular cartilage
from a 75 year old woman immediately after
isolation (fig 2A), and after culture on porous
hydroxyapatite ceramic crystals for 90 days
(fig 2B). Thus even the small amounts of
articular cartilage obtained from arthroplasty

or from arthroscopic surgery can be
successfully utilised to identify mutations in
COL2Al, by use of PCR.

Identification of mutations that do not

affect the coding sequence of COL2A1

In addition to the benefits of RFLP genetic
linkage analysis to identify the genes that may
be at fault in heritable OA, RFLP analysis can
give valuable negative information because the
absence of co-segregation (i.e. recombination)
with the disease phenotype can exclude a
candidate gene in a given family. Knowlton et
al®® showed the presence of recombination in
one of the families with Stickler syndrome they
studied. This observation conclusively
excluded a mutation in COL2A1 as the cause
of the disease phenotype in this family. Similar
analysis of another family with Stickler
syndrome and of a large family with severe
premature OA associated with CPPD
deposition failed to show co-segregation of
COL2A1 polymorphisms with the disease
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Figure 2 Amplification of the type II collagen cDNA from
adult human chondrocytes. RNA was isolated from
chondrocytes obtained from knee cartilage of a 75 year old
woman. Lambda DNA digested with Hind-1II was used as
a marker. A: Amplification of cDNA from fresh
chondrocytes was carried out using the following primer
pairs: LANE 1 II-3/I1-4; LANE 2 II-9/II-10; LANE 3 II-7/I1-
8. B: Ampilification of cDNA obtained from RNA isolated
from chondrocytes cultured in porous hydroxyapatite
ceramic microcrystals using the following primer sets: LANE
1 II-9/I1-10; LANE 2 II-3/II-4; LANE 3 II-7/I1-8.

NC4 COL3 NC3 COoL2 NC2 coL1 NC1
Ll | Gl § | 5
500 bp

2

Figure 3 Amplification of type IX collagen cDNA from feral chondrocytes. PhiX174
DNA digested with Hae-III was used as a marker. A: The following primer sets were used
for amplification: LANE 1 IX-1/IX-2; LANE 2 IX-3/IX-4. B: Map of type IX collagen
cDNA indicating the length and position of fragments shown in A. bp = Base pairs.
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phenotype?® (Jimenez and Knowlton,
unpublished observations). These results
suggest that mutations in genes other than
COL2A1 may be responsible for the disease
phenotype in certain subsets of heritable OA.
In addition, mutations that cannot be detected
by sequencing of the gene may be responsible
for the disease. These could involve, for
example, mutations that result in abnormal
splicing of the mature transcripts. It is,
apparent, therefore, that a careful search for
mutations that do not affect the coding regions
of the COL2A1 or mutations in other genes
expressed in articular cartilage matrix should
be carried out in families with OA. An example
of this has recently been reported by Vikkula
et al.®? in a family in whom RFLP analysis
indicated linkage to COL2A1 but sequencing
of the entire coding sequence of the gene failed
to show any mutation. In this family it was
suggested that a mutation in the regulatory
(promoter) regions of the gene that would not
be detected by sequencing of the coding region
of the gene may be responsible for the disease
phenotype. In the past, attempts to identify
mutations in collagen genes other than
COL2Al, such as those coding for IX, X, or
XI collagens, would have been nearly
impossible with the small amounts of articular
cartilage available to extract mRNA. We
decided, therefore, to examine if the methods
developed to amplify cDNA for type II
collagen could be successfully utilised to
amplify cDNA corresponding to the minor
collagens present in the tissue, and attempted
to amplify fragments of type IX and type XI
collagen cDNA. As shown in figure 3A, we
amplified 780 bp of the a1(IX) collagen chain:
the length and position of the fragments shown
in A are illustrated in B. We also amplified the
entire published sequence of the «a2(XI)
collagen cDNA which corresponds to 67% of
the entire cDNA for this chain (fig 4); again,
the figure shows the fragments, and their
length and position. These studies dem-
onstrated that a combination of PCR with
primer-extension/reverse transcription can be
utilised to amplify cDNA for the various
articular cartilage collagens from mRNA
obtained from fresh and cultured human
chondrocytes.

From the results shown above, it is apparent
that the use of cDNA for identification of
mutations in type II and other collagens
expressed in articular cartilage has several
advantages over genomic sequence analysis.
First, the target area to be analysed is much
smaller; for example, the entire type II
procollagen gene is about 30 kb, whereas the
corresponding cDNA is only 4-4 kb. Second,
it allows easy detection of mutations in
collagen genes the structure of which has not
been completely established, such as the genes
encoding for types IX, X, and XI collagens.
Third, cDNA sequencing allows easy detection
of splicing abnormalities such as those which
occur when exons are skipped or when
aberrant splice sites are used. Finally, the
results demonstrate that cDNA analysis of
cartilage specific collagens can be successfully
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Figure 5 Amplification of type II collagen cDNA from
Epstein-Barr virus transformed lymphocytes. PhiX174
DNA digested with Hae-III was used as a marker. The
primer pairs used for amplification were: LANE 1 II-1/1I-13;
LANE 2 II-9/I1-10; LaNE 3 II-11/1I-14.

shown in figure 5, we obtained amplification of
cDNA fragments corresponding to the amino-
terminal (lane 1), the triple helical (lane 2), and
the C-terminal (lane 3) domains of the type II
collagen cDNA from RNA extracted from
EBV-transformed lymphocytes. Sequencing of
1575 bp indicated that the illegitimate
transcripts were correctly spliced. We also
demonstrated, for the first time, illegitimate
transcription of the genes encoding for types
IX and XI collagens in EBV-transformed
lymphocytes, as we were able to amplify cDNA
fragments corresponding to the C-termini of

| Triple helix | c

500 bp

2 4

Figure 4 Amplification of type XI collagen cDNA from human fetal chondrocytes.
PhiX174 DNA digested with Hae-III was used as a marker. Amplification of cDNA was
carried out using the following primer sets: LANE 1 XI-1/XI-2; LANE 2 XI-3/XI-4; LANE 3
XI-5/X1-6; LANE 4 XI-7/XI-8; LANE 5 XI-9/XI-10. The lower map of type XI collagen
c¢DNA indicates the length and position of the fragments. bp = Base pairs.

accomplished from small amounts of RNA, as
the entire type II cDNA can be amplified from
as little as 6 ng of chondrocyte RNA.

New approaches to identify type 11
collagen gene mutations when articular
cartilage tissue is not available

Despite the extraordinary sensitivity of the
PCR, the method requires the availability of at
least minute amounts of cartilage, or of
cultured chondrocytes that maintain their
differentiated phenotype. Furthermore, the
success of this approach depends on the ability
to generate cDNAs that cover the entire coding
sequence, or on obtaining shorter cDNAs that
cover the region where the mutation is located.
Because these problems can often be difficult
to overcome, approaches that do not depend
on the availability of cartilage may be required
in the majority of cases. One of these
approaches was used recently to identify a
mutation that results in a Gly to Ser
substitution at residue 997 of the al(ll)
procollagen chain in a patient with
spondyloepiphysial dysplasia congenita, using
PCR amplification of the corresponding cDNA
from ‘illegitimate transcripts’ obtained from
fibroblasts and Epstein-Barr virus (EBV)-
transformed lymphocytes.*” However, from
these studies it was not clear if the transcripts
contained the full length type II collagen
mRNA, as only 621 bp of the cDNA were
sequenced. We recently used this approach to
amplify cartilage specific cDNAs from mRNA
obtained from non-cartilaginous sources.?® As

both of these collagens. However, we were
unable to obtain any amplification of cartilage
specific collagen cDNAs from RNA obtained
either from untransformed lymphocytes or
from lymphocytes induced to proliferate by
exposure to phytohaemagglutinin (results not
shown). Because of the very small amounts of
correctly spliced mRNA in lymphoblasts (less
than 1 mRNA molecule per 500-1000 cells),
large amounts of starting material (at least 500
ng RNA) and increased number of PCR cycles
were required for amplification of cDNA from
low abundance transcripts such as those for
types II, IX, and XI collagens. The increased
number of PCR cycles could increase the error
in amplified DNA sequences, as Taqg DNA
polymerase has a relatively high rate of single
base misincorporation. However, misincorpor-
ated bases can be easily detected by sequencing
at least five separate clones from each of two
independent amplifications. Furthermore, this
problem can be overcome by the use of direct
sequencing of PCR products with which the
authentic sequence is in vast excess over the
sequences with misincorporated bases.

Conclusion
The explosive advances in the application of
molecular biological methods have allowed the
identification of a large number of gene
mutations in various heritable diseases. The
well known occurrence of certain subsets of
OA displaying an autosomal pattern of
inheritance has rendered these diseases
amenable to similar studies.

The methods reviewed here have already
allowed the identification of a large number of
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mutations in the genes encoding articular
cartilage collagens in patients with various
inherited disorders of articular cartilage (listed

in

the table) and will permit the rapid

characterisation and sequencing of cDNA for
the various cartilage specific collagens from
small amounts of chondrocyte RNA, or
from RNA obtained from non-cartilaginous
sources.
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